The relationship between phosphatase activity and the element limiting microbial activity (carbon [C], nitrogen [N], or phosphorus [P]) was studied experimentally in sediment from four stations in the Baltic Sea located along a depth transect from oxic to anoxic bottom waters. The role of extracellular phosphatases was assessed by determining the percentages of intact cells that could be labeled with an artificial substrate for phosphatases (i.e., enzyme-labeled fluorescence 97 phosphatase substrate [ELF]) using a flow cytometer. Phosphatase activity was detected in sediment slurries from all sites either with or without prior incubation under oxic or anoxic conditions. In addition, ELF-labeled cells were detected in all incubated sediments, indicating that intact cells bearing phosphatases contribute to the phosphatase activity. Phosphatase activities and percentages of ELF-labeled cells were lower for the anoxic than for the oxic slurry incubations. Phosphatases are likely used to relieve the limitation of microbial activity by utilizable C in these recently deposited, organic C-rich sediments in the Baltic Sea. In marine sediments overlain by anoxic bottom waters, the biological and chemical mechanisms of P retention are often less efficient than in oxic settings and the P released to relieve C limitation escapes to the overlying water. This explains the ongoing higher P fluxes from sediments overlain by anoxic bottom waters.
Phosphorus (P) is a key nutrient in aquatic ecosystems. A higher input of P into aquatic systems may lead to an increased production of biomass (Tyrrell 1999; Conley et al. 2002) , and a higher oxygen demand for remineralization processes. Under anoxic conditions, P is preferentially released from sediments relative to carbon (C) (Ingall and Jahnke 1994; Emeis et al. 2000; Algeo and Ingall 2007) . The preferential regeneration of P under anoxia is not only important on a regional scale by contributing to eutrophication and oxygen depletion (Conley et al. 2002; Slomp et al. 2002) , but also may strongly impact global ocean biogeochemistry on geological time scales (Nederbragt et al. 2004; Tsandev and Slomp 2009) .
The mechanisms for short-term phosphate fluxes from sediments upon the transition into anoxia are well described and include the release of phosphate from metal-oxyhydroxides or polyphosphates (Krom and Berner 1980; Sannigrahi and Ingall 2005) . However, the cause of the ongoing higher phosphate release when anoxia persists still remains unclear . As the input flux of P to marine sediments largely consists of P bound in organic matter (Ruttenberg 2003) , phosphate has to be liberated from this organic matter prior to release from the sediment, for example by phosphatase activity.
Phosphatase activity is frequently used as a measure for the P status of phytoplankton communities, as phosphatases are known to be expressed during P limitation to satisfy the P demand. When phosphate is available and organisms are not experiencing P limitation, the expression of phosphatases will be repressed (Jansson et al. 1988) .
While this holds for autotrophic organisms (such as phytoplankton), heterotrophic organisms may use phosphatases for other purposes. Phosphate groups are polar and therefore can hinder the uptake of organophosphates. As phosphatases remove phosphate groups from organic molecules, the remainder of the molecule is more accessible for heterotrophic organisms. In this way, phosphatases can be used to relieve C or nitrogen (N) limitation (Kuenzler and Perras 1965) . Hoppe refers to this as the ''second function of phosphatases'' (Hoppe 2003) . Several studies underpin this hypothesis by showing a positive correlation between phosphate contents and phosphatase activity in sediments; e.g., for inorganic P and soluble reactive P in sediment from shallow Chinese lakes (Zhang et al. 2007; Liu et al. 2009 ), and inorganic P in sediment from the Pacific Ocean (Kobori and Taga 1979) . A positive relationship between phosphate concentrations and phosphatase activity has also been found for pelagic communities in the Indian Ocean (Hoppe and Ullrich 1999) . The second function of phosphatases is also supported by turnover rates of P species in the Gulf of Maine (BenitezNelson and Buesseler 1999) and the isotopic signatures of deep-water phosphate in the North Pacific and North Atlantic (Colman et al. 2005) . Similarly, Kö ster et al. (1997) find high phosphatase activity in sediment they infer to be C-limited from the observed correlation between microbial biomass and organic C availability.
The detection of phosphatase activity in sediment does not necessarily mean that phosphatases are produced in situ. Phosphatase activity can be caused either by enzymes that are attached to microorganisms (i.e., ectoenzymes) or by enzymes that are unattached (extracellular enzymes). On the basis of sequence information, 30% of pelagic marine phosphatases are categorized as being excreted from bacterial cells (Luo et al. 2009 ). In addition, phosphatases can originate from sedimented, lysed organisms. As a result, a direct link between phosphatase activity and the function of this activity for benthic microbial communities cannot be determined by measuring phosphatase activities alone.
In this study, sediment from four stations in the Baltic Sea located along a depth transect from oxic to anoxic bottom waters was studied experimentally to establish whether C, N, and/or P was limiting microbial activity in situ. In addition, the effect of redox conditions on the phosphatase activity of unincubated and of incubated sediment slurries was determined. The role of extracellular phosphatases was assessed by staining intact cells with attached phosphatases with enzyme-labeled fluorescence 97 phosphatase substrate (ELF), followed by determination of the percentages of ELF-labeled cells by flow cytometry (Duhamel et al. 2008) . Our results show that the microbial activity of recently deposited organic C-rich sediments in the Baltic Sea is limited by utilizable C and that phosphatases are likely used to relieve C limitation.
Methods
Sediment sampling-Sediment samples were collected in May-June 2009 in the Baltic proper along a transect into the Fårö Deep at Sta. LF1, LF1.5, LF3, and LF5 onboard R/V Aranda (Table 1) . Samples were taken with a multicorer. The top layer (0-1 cm) and subsurface layer (1-2 cm) of several cores from the same multicore cast were immediately sliced and the bulk samples from each layer were stored in gastight containers at 4uC in the dark. Bottom water was collected at each station with a bottom-water sampler. The water was filtered over a 0.22-mm filter into sterile glass bottles, and stored and transported at 4uC in the dark. A brief overview of site and sediment characteristics is given in Table 1 ; for a more detailed description, see Jilbert et al. (2011) . Sediment data were determined as described in Jilbert et al. (2011) , except for organic matter content (determined by ashing of dried sediment), pH (determined on board with a Sentron pH electrode), and oxygen penetration depth, for which pore-water oxygen concentrations in intact sediment cores were measured at 0.25-mm intervals directly after coring with an oxygen microelectrode (OX-10) attached to a micromanipulator.
Slurry incubations-Slurry incubations were started directly after the cruise in 2009. All manipulations were carried out in a glove bag (Glas-Col, Terre Haute) under constant N 2 flushing. Approximately 5 g of fresh, homogenized sediment and 12.5 mL of bottom water from the corresponding station were weighed into 50-mL serum bottles, and HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, final concentration 25 mmol L 21 ) added.
The following triplicate slurries were started for each layer of the four stations: control, C-amended, P-amended, N-amended, and CPN-amended, each incubated either under oxic or anoxic conditions. The C-, P-, and Namended slurries received either glucose, Sørensen's phosphate buffer (pH 7.4), or NH 4 Cl (10, 1, and 1 mmol L 21 final concentration, respectively). All three amendments in the same final concentrations as the above were made to the CNP-amended slurries.
Slurries were flushed during 1 h with N 2 (anoxic) or compressed air (oxic incubations) and incubated at 5.2uC in the dark on a gyratory shaker (, 125 rpm) for 77-86 d (average of 83 d). After the first 2 weeks of incubation, the slurries were flushed weekly with either N 2 (anoxic incubations) or compressed air (oxic incubations). The incubations of the subsurface layers (1-2 cm) were only used to test for 4-methylumbelliferone (MUF) adsorption, sediment autofluorescence, and abiotic breakdown of 4-methylumbelliferyl phosphate (MUF-P; see below).
CO 2 production-On days 1, 3, and 8 of the incubations, the headspace and liquid-phase CO 2 concentration was determined. Approximately 0.3 mL of sediment slurry was centrifuged for 1 min at 16,700 3 g. The supernatant was transferred to a pre-weighed gas chromatograph vial (GCvial) and acidified with a known amount of 2 mol L 21 phosphoric acid. Two hundred microliters of headspace volume (of either the slurry in the serum bottle or of the GC-vial) was sampled with a Pressure-LokH syringe (Vici Precision Sampling) and analyzed by gas chromatographythermal conductivity detection analysis (HP 5890 gas chromatograph, Hewlett-Packard). Reference gas (Hoek Loos) was used in order to calculate CO 2 concentrations.
Phosphatase activity-The phosphatase activities of the incubated sediments were determined with MUF-P (Sigma Chemical). For each MUF-P incubation, 9 mL of substrate solution (consisting of 148.6 mmol L 21 NaCl, 3.67 mmol L 21 CaCl 2 , 9.63 mmol L 21 MgSO 4 , 3.75 mmol L 21 KCl in Milli-Q water, buffered to pH 7.4 with 40 mmol L 21 HEPES buffer, and 0.05, 0.10, 0.25, 0.50, 1.0, or 2.0 mmol L 21 MUF-P) was added to 1 mL of the incubated sediment slurry in a 30-mL glass bottle. For the unincubated sediment, 1 g of fresh sediment and a final concentration of 1 mmol L 21 MUF-P was used. Subsamples (500 mL) were taken every hour up to 4 h of incubation. The subsamples were centrifuged (15 min at 15,800 3 g) and 350 mL of the supernatant stored immediately at 220uC until further analysis. The fluorescence of the subsamples was determined in triplicate by adding 20 mL of Trisma buffer (0.5 mol L 21 , pH 10.3) to 100-mL subsample and reading at 460 nm with a microtiter plate reader (Biotek Instruments). Fluorescence values were recalculated to MUF concentrations by means of a MUF standard curve (4-methylumbelliferone sodium salt, Sigma Chemical). MUF-P hydrolysis rates were calculated by linear regression of the increase in MUF concentration over time. These rates were used to determine the V max through nonlinear least squares fitting of the Michaelis-Menten equation. The sediment dry weights of the MUF-P incubations were determined by drying the sediment at 70uC.
To test whether MUF is adsorbed by sediment particles (Coolen and Overmann 2000) , the oxic and anoxic incubations of the CNP-amended and control slurries from the subsurface layer (1-2 cm) of Sta. LF1.5 and LF5 was used. The tests were performed as described above, with modifications; the sediment was incubated for 6.5 months and instead of MUF-P, MUF was added to the incubations, in a concentration in the substrate solution of 12.5, 25, 50, 100, 250, and 500 mmol L 21 . As the MUF concentrations did not show a trend over time during the incubations (data not shown), the mean values of the five time points were used for further calculation. The expected MUF concentration of each incubation was calculated with an assumed dry sediment density of 2.65 g cm 23 . The relative difference between expected and measured concentration reflects the adsorption of MUF to the sediment. No effect of redox conditions or amendment was found on the MUF concentration measurement. However, a significant effect of the sampling station was found (one-way analysis of variance: F 1,24 5 29.610, p , 0.001). Measured MUF concentrations were around 90% (Sta. LF5) and 108% (Sta. LF1.5) of their expected values. As a result, the measured phosphatase activities for stations LF1.5 and LF5 may be, respectively, lower by 7% or higher by 11% than they actually are.
The abiotic breakdown of MUF-P and autofluorescence of the sediment was determined using replicates of the slurries used for the MUF adsorption test, although incubated longer (9 months). The tests were performed according to the phosphatase activity method (see above), with modifications. To determine the abiotic breakdown, only one concentration of 250 mM MUF-P was used. For the autofluorescence tests no MUF-P was added to the incubations. Half of the slurries used were sterilized by autoclaving for 30 min at 121uC prior to the incubations, the other half was left untreated. No abiotic breakdown of MUF-P or autofluorescence of the sediment was detected in these samples (data not shown).
ELF and PI staining-Bacteria were separated from the sediments for ELF labeling according to the blending and subsequent Nycodenz (Axis-Shield PoC AS) cushion centrifugation method of Lindahl (1996) . Subsamples of the separated cells were used for ELF (ELFH97 Endogenous Phosphatase Detection Kit, Molecular Probes) and subsequent propidium iodide (PI) staining, and for the negative control. The cells were pelleted at 16,000 3 g for 1 min and stained with ELF following the method described by Duhamel et al. (2008) . To each tube 100 mL of ELF staining solution was added (prepared according the manufacturer's specifications). Blank samples did not receive ELF staining solution. The cells were resuspended by vortexing and incubated in the dark at room temperature. The optimal incubation time was determined to be 48 h in a pretest with sediment from Sta. LF1 (data not shown). Incubations were stopped by adding 400 mL (stained samples) or 500 mL (blank samples) of 5% paraformaldehyde in 10 mmol L 21 phosphate buffered saline (PBS) (pH 7.4), and incubating 15 min at room temperature. The samples were frozen in liquid nitrogen and stored at 280uC until further analysis. After thawing, subsamples of both the ELF-stained and control samples were stained for a minimum of 30 min with PI (10 mg mL 21 final concentration PI and 0.5% Tween 20 in Milli-Q water) at room temperature in the dark.
Flow cytometry-The experiments were carried out with a modular flow cytometer/cell sorter, MoFloH (initially from DakoCytomation, now Beckman-Coulter), equipped with a water-cooled Coherent Innova 70C spectrum laser (Coherent Laser Group) set at 488 nm, 100 mW and as second laser a Coherent C90 laser (Coherent Laser Group) set at multiline ultraviolet (UV), 60 mW. Data acquisition and analyses were performed with the software package Summit TM , version 4.3.01 (DakoCytomation). A flowcell of 100 mm was used in combination with a sheath pressure of 20.7 kPa. Bandpass (BP) filters were placed in front of the photomultiplier tubes to collect red fluorescence (BP 670 6 30 nm), orange fluorescence (BP 630 6 30), and yellow fluorescence (BP 580 6 30), all separated with dichroic mirrors and induced by excitation with the 488-nm blue beam. To detect the green fluorescence emission after excitation with UV from the second, collinear laser, a 530 6 20-nm bandpass filter was also used. The optical alignment was performed with fluorescent microspheres: 2-mm Fluoresbrite polychromatic red (R) and 1-, 3-, and 6-mm Fluoresbrite carboxylate yellow green (YG), and 1-mm fluorescent carboxylate bright blue (BB) (Polysciences) for alignment of the UV laser.
The trigger signal used for all measurements was the side scatter peak (BP 488 6 5 nm). The threshold was set so that no more than 10 events per second were detected when running only sheath fluid. In this study, a 144% isotonic saline solution (DakoCytomation, 83 diluted with MilliQwater; approximate ionic strength of Baltic Sea water) filter sterilized over 0.1 mm was used as sheath fluid. The relationship between signal duration measured by a flow cytometer (pulse width) and particle length depends on the flow speed. This relationship was determined for the side scatter signal, using 1-, 3-, 6-, and 20-mm YG and 2-mm R microspheres (Polysciences) and a culture of the filamentous cyanobacterium Limnotrix sp. strain MR1 with an average length of 52 mm.
Results
Sediment characteristics-A trend can be observed for both C org : P org and C org : P tot ratios with the bottom-water oxygen concentration, with C : P ratios increasing at decreasing oxygen concentrations (see Table 1 ). This is in line with previous findings of preferential release of phosphorus from sediments overlain by anoxic bottom waters (Ingall and Jahnke 1994) .
The pore-water concentrations of PO 4 (and NH 4 ; Jilbert pers. comm.) at Sta. LF5 were found to be lower than those at Sta. LF1 and LF1.5. In contrast, the organic matter content is higher at Sta. LF5 (see Table 1 ). The latter seems contradictory, but can be caused by lower PO 4 release from more refractory organic matter at Sta. LF5 and by a lower diffusive flux of PO 4 from deeper sediment layers, as the sediment at this station below , 2 cm of depth consisted of firm clay, which likely is of glacial origin.
In situ limitation-The total CO 2 production during the first week of incubation is shown in Fig. 1 . The sediment incubations from all four stations displayed a higher CO 2 production in the C-amended slurries compared to the control slurries, which was not the case upon the addition of P or N. For almost all C-amended incubations the CO 2 production per gram dry weight (dry wt) calculated per day was higher during the 3-8-d interval than for the 1-3-d interval (data not shown). Only the anoxic incubations of sediment from Sta. LF1.5 showed a lower CO 2 production per day in the second period. However, the anoxic slurries of this station did not show an increased CO 2 production in the N-or P-amended slurries, indicating that this sediment was not N-or P-limited.
The slurries amended with a combination of C, N, and P generally produced an even higher amount of CO 2 as compared to the C-amended slurries; exceptions are the anoxic incubations from Sta. LF1.5 and LF3.
Phosphatase activity-Phosphatase activity was detected in all unincubated sediments and in all of the slurry incubations (see Fig. 2 ). On the basis of the small data set of phosphatase activities of the unincubated sediments and the sediment characteristics listed in Table 1 , no significant correlation was found between the phosphatase activity and pH of unincubated sediment, pore-water PO 4 , organic P, and total P contents.
The phosphatase activities of the unincubated sediment were found to be higher than the phosphatase activities of the incubated sediment slurries for each station. The lowest phosphatase activity of the unincubated sediment was detected at Sta. LF1, for which bottom-water oxygenation was the highest. In contrast, for the slurries the activity was generally higher for the oxic than for the anoxic incubations (mean oxic phosphatase activity 5 0.54 mmol g 21 dry wt h 21 , anoxic 5 0.37 mmol g 21 dry wt h 21 , see Fig. 3 ; oneway analysis of variance: F 1,32 5 60.897, p , 0.001). An exception to this were the incubations of sediment originating from Sta. LF5, for which no significant difference in phosphatase activity between oxic and anoxic incubations was observed (one-way analysis of variance: F 1,10 5 0.645, p 5 0.44). The CNP-amended slurries displayed phosphatase activities that were remarkably similar to those of the control slurries (one-way analysis of variance: F 1,32 5 0.348, p 5 0.60).
Phosphatase-bearing intact cells-ELF-labeled cells were detected in all slurry samples (Fig. 4) . The percentages of ELF-positive cells were significantly higher for the slurries that were incubated under oxic conditions (see Fig. 3 , oneway analysis of variance: F 1,24 5 24.827, p , 0.001). No significant difference was found between the control and CNP-amended slurries (one-way analysis of variance: F 1,24 5 0.531, p 5 0.47). The percentages of ELF-positive cells in the anoxic slurries of Sta. LF5 are atypical compared to the other three stations. Where other stations show a similar percentage of ELF-positive cells in the anoxic CNPamended slurries as compared to the anoxic control slurries, the percentages for LF5 are markedly lower for the anoxic CNP-amended slurries.
Discussion
The factor limiting microbial activity in Baltic Sea sediments was determined by sediment slurry incubations amended with either C, N, P, or CNP and control slurries. All C-amended slurries displayed a higher CO 2 production compared to the control slurries, whereas the CO 2 production for the N-or P-amended slurries was similar to that of the control slurries. In addition, most C-amended slurries showed an increased CO 2 production after 3 d, which can be explained by microbial growth. As a result, it can be concluded that the microbial activity before incubation was C-limited under both oxic and anoxic conditions. The occurrence of C-limited communities in sediments where organic C is present (see Table 1 ) suggests that the ultimate factor limiting microbial activity is, in fact, the degradability of the organic matter.
The CO 2 production of the slurries that received a combination of C, P, and N was generally higher than the CO 2 production of the slurries that only received a C amendment (Fig. 1) . This suggests that once the initial C limitation is relieved by the addition of glucose, the communities become rapidly limited by either N or P. The molar ratio of C : N : P used for these amendments was 60 : 1 : 1. As a result of this low ratio between C and P, it is unlikely that the microbial communities in these slurries became P-limited during the incubation time, as P was supplied in relative abundance compared to C (Fagerbakke et al. 1996) .
The higher CO 2 production of the CNP-amended slurries under oxic as compared with anoxic conditions can be explained by higher growth rates for microbes under oxic conditions. This may seem to contradict the finding that not all C-amended slurries showed a higher CO 2 production under oxic conditions; e.g., the anoxic CO 2 production for C-amended slurries was higher than the oxic production for Sta. LF3 and LF5. As the sediments from both these stations were experiencing completely anoxic conditions in situ, the microbial community of these sediments may not have been adapted to oxic conditions. The lack of a community able to use this C source in the presence of oxygen may have caused the lower CO 2 production under oxic conditions, as new growth of such a community may require N and P amendments as well.
The phosphatase activities of the unincubated Baltic Sea sediments (ranging from 0.9 to 1.8 mmol g 21 dry wt h 21 ; see Fig. 2 ) have been found to lie in the same order of magnitude as the activities found in a variety of both marine and freshwater sediments (see Table 2 ).
In addition to the activity of the unincubated sediments, the phosphatase activities of the control and CNP-amended slurries-both oxic and anoxic-have been determined. Phosphatase activity was detected in all slurry incubations (see Fig. 2 ). The finding that the unincubated sediment and the control slurry incubations-in which microbial activity was limited by C availability-show phosphatase activity, supports the hypothesis that heterotrophic microorganisms express phosphatases for other purposes than the acquisition of P; in this case to relieve C limitation.
The slurries that were amended with a combination of C, N, and P displayed phosphatase activities that are not significantly different from the control slurries, although the former showed a markedly higher CO 2 production during the first week of incubation (see Fig. 1 ). The relatively large quantities of C, P, and N that were used for the CNP-amended slurries can have rendered the microbial activity at the end of the incubations limited by yet another nutrient. If this nutrient cannot be readily gained by remineralization of organic matter (e.g., iron), the expression of phosphatases does not lead to a mitigation of this limitation. In addition, if the organisms are limited by the availability of elements that function as a cofactor of phosphatases, e.g., Zn 2+ (Jansson et al. 1988) , this expression would be even more unfavorable.
The phosphatase activities of sediment slurries incubated under oxic conditions were higher than those of the anoxic incubations (see Fig. 3 ). Hoppe and coworkers showed that for water samples the phosphatase activity was lowered in the presence of sulfide, but not under anoxic, non-sulfidic conditions (Hoppe et al. 1990) . As the smell of sulfide could be easily detected during the opening of the incubation bottles in most of the anoxic slurries, it is not possible to determine whether anoxic or sulfidic conditions lie at the cause of the lower phosphatase activity as compared with the oxic slurries. Lowered phosphatase activity under sulfidic conditions can be explained by the fact that phosphatases often are zinc (Zn) metalloenzymes (Jansson et al. 1988) . Zn is a metal that is not redox sensitive, but does form insoluble complexes with sulfide. Alkaline phosphatase originating from rat lung tissue has been shown to be inhibited up to 43.8% by hydrogen sulfide (Husain 1976) . Interestingly, the slurries from Sta. LF5 show similar phosphatase activities under oxic and anoxic conditions. As these sediments have been experiencing sulfidic conditions in situ, the phosphatases of the microbial community in these sediments may have adapted to sulfidic conditions (Jacinthe and Groffman 2006) .
The phosphatase activities per gram of dry weight of the incubated sediments were all determined to be lower than the phosphatase activities of the unincubated sediments (, 25-60% of the activity of the unincubated sediments for the oxic control slurries of the four stations). Apart from a decrease in activity during the incubation, this can also be caused by a dilution of the sediment pore water when sediment is used to prepare slurries. The extracellular phosphatase activity of the pore water can result from the excretion of enzymes from sediment microorganisms, but also from phosphatases that are liberated from decaying organic matter. Obviously, if the latter is the predominant cause of phosphatase activity in sediments, it is not justified to explain the measured phosphatase activity under C limitation as the ''second function of phosphatases'' (Hoppe 2003) . With the use of the fluorescent label ELF, cells can be stained that contain phosphatases as ectoenzymes-for example in their periplasma (Sinsabaugh 1994) . The presence of ELF-labeled intact cells in the sediment strongly suggests that at least part of the phosphatase activity is due to cells that are actively expressing phosphatases in the sediment. The percentage of ELFpositive cells in the slurry incubations as determined by flow cytometry is lower than the percentage of phosphatase-positive colonies determined by counting phosphatase expressing colonies on plates or filters in two lakes in the British Lake District (Jones 1972) : 0.7-10.3% (with an average of 5.3%) in our analysis, as compared with 3-75% (29.2% average) for the two lakes. The percentage of ELFpositive cells potentially underestimates the percentage of cells that express phosphatases, as cells that release phosphatases into the pore water are not stained.
Since phosphatase activity has been detected in all unincubated sediments and in all sediment slurries (both oxic and anoxic), and given that respiration in these sediments was found to be limited by C availability, the function of these phosphatases is likely to remove phosphate groups from organic molecules in order to facilitate the uptake of the C moiety by microorganisms. In addition to phosphatases, phosphonatases-which cleave C-P bonds, whereas phosphatases cleave O-P bonds in organophosphates-have been shown to be expressed to acquire C in addition to their role in P acquisition (McMullan and Quinn 1994) . These processes help to explain benthic fluxes of P originating from organic matter into the overlying water under anoxia: phosphate groups are liberated but are not necessarily required to satisfy the microbial P demand. Under these conditions, the biological and chemical retention of P in the sediments is low. Under oxic conditions, in contrast, phosphate can be retained in the sediment, for example, by adsorption to metal oxyhydroxides (Slomp et al. 1998) . The release of phosphate from iron oxyhydroxides and polyphosphates upon a change in redox conditions can cause supersaturated conditions leading to authigenic Ca-P precipitation (Ruttenberg and Berner 1993; Schulz and Schulz 2005) . The biological P retention is determined by the microbial P demand, which may be lower for microorganisms growing under anoxic conditions because of a lower P content in their phospholipids (Brinch-Iversen and King 1990) or to a lower RNA content due to lower growth rates (Sterner and Elser 2002 ) when compared to oxic conditions. In addition, the P uptake of microorganisms can be heavily influenced by the storage of polyphosphates, which can occur under high redox conditions when there is an excess of both phosphate and energy substrates (Gä chter et al. 1988) . For heterotrophic organisms this latter condition is not met under C limitation. In contrast, chemolithoautotrophs present in the oxic top layers of sediments need not be experiencing energy limitation as they gain energy from reduced compounds diffusing upwards from anoxic sedi- ment layers (Schulz and Schulz 2005; Goldhammer et al. 2010) . Future research could be directed at determining P demands of microorganisms under oxic and anoxic conditions, and whether the accumulation of polyphosphate is common in oxic sediments, even under C limitation, and which groups of microorganisms are responsible for doing so.
In conclusion, phosphatase activity and intact cells bearing phosphatases were detected in C-limited sediments under both oxic and anoxic conditions. This finding in combination with a proposed lower chemical and biological retention of P under anoxic conditions can explain ongoing higher P fluxes from sediments overlain by anoxic bottom waters.
